INTRODUCTION
Streptococcus agalactiae is recognized as a leading aetiological agent of invasive neonatal disease worldwide (Henneke & Berner, 2006; Johri et al. 2006) . In the USA, neonatal disease caused by S. agalactiae occurs in approximately 0.69 per 1000 live births and has an estimated mortality rate in neonates of between 4 and 6 % (Brooks et al., 2006; Johri et al. 2006) . Despite varying strategies for disease management, European rates of neonatal disease are comparable e.g. 0.72 cases per 1000 live births in the UK (Heath et al., 2004) . The anomalously low incidence of S. agalactiae neonatal disease in the developing world may reflect problems in accurate data collection (Johri et al., 2006) and high disease burdens have been reported recently in studies carried out in Jamaica and Malawi (Trotman & Bell, 2006; Gray et al., 2007) . S. agalactiae is also emerging as a cause of disease in the elderly (Edwards & Baker, 2005) . In addition to its importance as a cause of human disease, S. agalactiae is also significant as a veterinary pathogen, notably causing mastitis (Lancefield, 1934; Bradley, 2002) .
Beginning in the 1920s, the pioneering work of Rebecca Lancefield at the Rockefeller University (www.rockefeller. edu/vaf/rclbio.htm) led to the recognition that many streptococcal species could be typed on the basis of the carbohydrate-containing antigens in their cell walls. S. agalactiae was typed as the 'group B' haemolytic Streptococcus (Lancefield, 1934) , hence the clinical usage of the name Group B Streptococcus as a synonym for this bacterium. The Lancefield typing system remains a cornerstone of the diagnosis of many streptococcal diseases, including the identification of S. agalactiae using rapid test kits for the detection of the Lancefield Group B carbohydrate (GBC; Greenberg et al., 1995; Davies et al., 2003) .
Despite its diagnostic importance, GBC has received limited study in relation to its significance in the pathogenesis of S. agalactiae disease. Although GBC appears to be a proinflammatory component (Vallejo et al., 1996) , interpretation of studies of its immunobiology are in part hampered by the difficulty in purifying GBC away from contaminant cell-wall-derived materials as it is covalently attached to peptidoglycan (Deng et al., 2000; Henneke & Berner, 2006) . Studies have indicated that passively administered antibodies to GBC are not protective against infection in mice (Lancefield et al., 1975) and that the overlying capsule may block access of opsonizing antibody to GBC (Marques et al., 1994) . Moreover, in humans, high levels of maternal antibodies to GBC do not always confer passive protection to neonates (Anthony et al., 1985) . Intriguingly a stable opaque variant strain of S. agalactiae, obtained by repeated subculture of a serotype III strain, has been reported be deficient in antibodydetectable GBC (Pincus et al., 1992) . This strain exhibited impaired growth in vitro and formed long coccal chains due to aberrant septation. Subsequent studies revealed it to be less immunogenic, more readily killed by polymorphonuclear neutrophils and was significantly attenuated in a mouse model of infection (Pincus et al., 1993) .
In the present study we have used the availability of wholegenome sequences for S. agalactiae strains, in combination with a consideration of the detailed structure of GBC, to perform bioinformatic analyses of the pathway leading to GBC biosynthesis.
METHODS
Serotype V genome data were used as the prototypical S. agalactiae sequence (Tettelin et al., 2002) . Protein sequences for analysis were accessed via the UniProtKB/SWISS-PROT database (http://us.expasy. org/sprot/; UniProt Consortium, 2007) . These database entries were also used to access protein family data in the Pfam database (http:// pfam.sanger.ac.uk/; Finn et al., 2006) , to access the Genome Proximity viewer and to access the GenBank entries for sequence and annotation data. Protein sequences were retrieved and homology searches performed using the NCBI BLAST server (www.ncbi.nlm. nih.gov/BLAST/; McGinnis & Madden, 2004) . Specifically, searches were performed using either the BLASTP tool (unfiltered; E value cutoff typically set to 0.001) or using the Microbial Genomes tool to search for homologues in selected genomes. The latter searches were performed using the BLASTP tool, unfiltered with the E value cut-off typically set to 0.01. Functional information was also obtained from the CDD Conserved Domain search generated as part of the standard BLASTP output.
Proteins were analysed for membrane-spanning regions using a variety of topology prediction tools, including TMHMM (www.cbs.dtu. dk/services/TMHMM-2.0/; Krogh et al., 2001) , TMpred (www.ch. embnet.org/software/TMPRED_form.html; Hofmann & Stoffel, 1993) and Phobius (http://phobius.cgb.ki.se/; Käll et al., 2004) . The latter tool also allowed us to examine sequences for the presence of a signal peptide.
Glycosyltransferase sequences for S. agalactiae were identified either by keyword searches within UniProtKB or from access to the CAZY genome browser (www.cazy.org/geno/geno_bacteria.html#S; Coutinho & Henrissat, 1999) .
RESULTS AND DISCUSSION
Structure of GBC: definition as a 'teichoic-acid-like' polymer
The structure of GBC was elucidated by the elegant studies of Pritchard et al. (1984) and Jennings, Michon and coworkers (Michon et al., 1987 (Michon et al., , 1988 (Michon et al., , 1991 . Cumulatively, these studies defined a 'multi-antennary structure' (Figs 1 and 2) based on the arrangement of four component oligosaccharides into a progressively bifurcating structure that ultimately presents four main branches (Michon et al., Fig. 1 . Multiantennary structure of GBC. GBC is assembled from four component oligosaccharides (I-IV) into a branched structure that presents four main terminal branches. The structure is attached to the peptidoglycan by the stem oligosaccharide IV. P, Phosphate. Fig. 2 . Fine structure of the component oligosaccharides of GBC. Oligosaccharide Unit IV provides the distinctive stem of the GBC structure. The branched structure is assembled from oligosaccharides I, II and III which are structurally inter-related. Notably, the oligosaccharide III structure is present within oligosaccharide II (grey text) whilst the oligosaccharide II structure is present within oligosaccharide I (boxed). Abbreviations used are as follows: Gal, galactose; NAG, Nacetylglucosamine; NAM, N-acetylmuramic acid; P, phosphate; Rha, rhamnose.
1988, 1991). Significantly, the component oligosaccharides are all interlinked by a phosphodiester linkage between a glucitol in one oligosaccharide and galactose in another (Figs 1 and 2 ). The presence of these glucitol-6-phosphatederived linkages suggested that GBC was a teichoic-acidlike structure (Pritchard et al., 1984; Michon et al., 1987) . The stereochemistry of the glucitol 6-phosphate linkage is directly comparable to that of glycerol 3-phosphate and ribitol 5-phosphate in typical wall teichoic acids (Neuhaus & Baddiley, 2003) and reflects the delivery of these units from CDP-alditol precursors (see below). Also consistent with this definition of GBC as the teichoic-acid-like polymer of S. agalactiae is the observation that the stem oligosaccharide IV (Figs 1 and 2 ) is covalently attached to N-acetylmuramic acid (NAM) residues of the cell-wall peptidoglycan (Deng et al., 2000) . Finally, it should be noted that, contrary to a previous preliminary report of a glycerophosphate teichoic acid (Goldschmidt & Panos, 1984) , genomic analysis suggests S. agalactiae is unable to synthesize poly(glycerophosphate) teichoic acids as obvious orthologues of the crucial enzymes for glycerol 3-phosphate polymerization (TagB, TagD and TagF; Bhavsar & Brown, 2006) are not encoded in the S. agalactiae genome (our observations). This latter observation is of additional importance as it provides further evidence that lipoteichoic acid is the predominant poly(glycerophosphate) cell envelope polymer in S. agalactiae (Doran et al., 2005; Henneke & Berner, 2006) . We speculate that the poly(glycerophosphate) 'teichoic acid' previously identified by Goldschmidt & Panos (1984) may in fact have been deacylated lipoteichoic acid, a component identified by other authors (Erbing et al., 1986; Mattingly & Johnston, 1987) . We also note that products of the dlt (D-alanyl-lipoteichoic) operon of S. agalactiae (Poyart et al., 2001 ) most likely only alanylate the lipoteichoic acid since alanine has not been reported as a component of GBC (Pritchard et al., 1984; Michon et al., 1987 Michon et al., , 1988 and it is unlikely that the dlt system is able to recognize the chemically distinct rhamnose-substituted glucitol-phosphate as a substrate.
Linkage analysis and the enzymology of GBC biosynthesis
The availability of whole-genome sequences for three strains of S. agalactiae (Tettelin et al., 2002; Glaser et al., 2002; Tettelin et al., 2005) has provided valuable insight into the genetics of GBC biosynthesis as syntenous clusters of genes putatively encoding this pathway were identified in these genomes (Table 1; Fig. 3 ). All the proteins encoded at this locus are part of the GBS core genome defined by the sequencing of genomes for five other strains of S. agalactiae (Tettelin et al., 2005) . For clarity, proteins are referred to here using the annotation of Tettelin et al. (2002) , i.e. prefixed 'SAG-'. The GBC locus is a series of closely linked (and in some cases overlapping) ORFs with a single annotated terminator (Glaser et al., 2002;  Fig. 3 ), suggesting possible transcription in a single unit.
Further details of the GBC biosynthetic path have yet to be reported. To establish whether this locus alone is sufficient for the biosynthesis of GBC, we have analysed the linkages present in the complete GBC structure (Fig. 2 ) and deduced the requisite minimal enzymology needed for its biosynthesis (Table 2) . Even though GBC exhibits a comparatively complex branched structure (for example, there are 42 terminal a-rhamnose residues), the modular nature of GBC and the inter-related structures of oligosaccharides I, II and IV (Fig. 2) means that surprisingly few distinct transferase activities are theoretically needed to derive the structure ( Table 2 ). The linkage analysis demands, as a minimum, the involvement of 11 transferase enzymes, i.e. five distinct a-rhamnosyltransferases (a-RhaTs), a single b-rhamnosyltransferase (bRhaT), a single a-galactosyltransferase (a-GalT), a glucitol-phosphate transferase (GlucPT) and three N-acetylglucosamine (NAG)-transferases. With the notable exception of the NAG transferases (see below), candidates for all of the requisite transferases can be presumptively identified within the GBC locus (Table 1 ). Moreover, it is possible to deduce a complete pathway for GBC biosynthesis and assembly into the cell wall that can be accomplished in 127 steps (supplementary File 1, available with the online version of this paper). This biosynthetic path and the related enzymology are detailed in the following sections.
Initiation of GBC synthesis
Many cell-envelope polymers (most notably peptidoglycan, lipopolysaccharide and capsular polysaccharides) are synthesized, at least in part, at the cytoplasmic face of the plasma membrane as the requisite nucleotide-activated precursors are intracellular Bhavsar & Brown, 2006; Whitfield, 2006) . These polymers or their repeat units are assembled on a polyisoprenol-phosphate carrier molecule (typically undecaprenylphosphate) and ultimately flipped to the extracytoplasmic face of the plasma membrane before their assembly and/or final localization. In Gram-positive bacteria, this model also holds true for the biosynthesis of poly(glycerophosphate) teichoic acids (Bhavsar & Brown, 2006; Damjanovic et al., 2007) and various capsular polysaccharides (Bentley et al., 2006) . This strategy may facilitate co-ordination between peptidoglycan assembly and the attachment of polymers that are covalently linked to the glycan repeat units, which includes the capsular polysaccharide and GBC in S. agalactiae (Deng et al., 2000) . We therefore hypothesized that GBC would be biosynthesized attached to a polyisoprenol-phosphate, which was further supported by the identification of a gene encoding a putative flippase in the GBC locus (SAG1412, Table 1 ; see below) and the observation that analyses with various predictors of membrane protein topology predict that all the putative glycosyltransferases encoded in the GBC locus (Table 1) are cytoplasmic, although some may be peripheral membrane proteins. Thus the structure of oligosaccharide Unit IV in the GBC stem unit (Fig. 2) requires that the first step in GBC biosynthesis would be transfer of a NAG unit from UDP-NAG onto the polyisoprenol-phosphate carrier molecule. However, we were unable to identify an appropriate NAG transferase in the GBC locus, but instead noted that SAG0140 is significantly homologous to TagO [135/324 (41 %) amino acid identity], which carries out the identical reaction in teichoic acid synthesis in Bacillus subtilis (Soldo et al., 2002; Bhavsar & Brown, 2006; D'Elia et al., 2006) . SAG0140 is also highly homologous to RgpG, which carries out the comparable reaction initiating rhamnose-glucose polysaccharide (RGP) synthesis in Streptococcus mutans (Yamashita et al., 1999; Shibata et al., 2002) and WecA, which initiates LPS and enterobacterial common antigen biosynthesis in Escherichia coli (Lehrer et al., 2007) . Indeed, the predicted topology of SAG0140 matches that determined for WecA (Lehrer et al., 2007) and key amino acid sequence motifs are conserved. Thus we propose that SAG0140 initiates GBC biosynthesis on a polyisoprenol-phosphate lipid carrier.
Synthesis of the oligosaccharide components of GBC and their assembly into the full polymer
We predict that the cytoplasmic enzymology of GBC synthesis dictates that biosynthesis of GBC proceeds from (Yamashita et al., 1998) . SAG1423 GBS1493 SAK_1458 Glycosyl transferase, putative. 234/362 (64 %) amino acid identity with RgpA, involved in initiating rhamnose-glucose polysaccharide synthesis in S. mutans (Yamashita et al., 1998; Shibata et al., 2002) . 185/388 (47 %) amino acid identity with WchF Streptococcus oralis b-RhaT (Yoshida et al., 2006) . 180/ 388 (46 %) amino acid identity to the putative b-RhaT in the unique type VIII S. agalactiae capsule locus . SAG1424 GBS1494 SAK_1459 dTDP-4-dehydrorhamnose reductase RfbD. 247/284 (86 %) amino acid identity with RmlD dTDP-4-keto-L-rhamnose reductase S. mutans (Tsukioka et al., 1997) . SAG1425 GBS1495 SAK_1460 Conserved hypothetical protein. DUF59 (PF01883) family protein. Probable boundary of locus. the initiation step described above directly through to the full polymer, i.e. without separate synthesis, translocation and subsequent assembly of the distinct oligosaccharide intermediates. Following the initiation of synthesis on the polyisoprenol-phosphate carrier, the next sequence of reactions would be the sequential action of the transferases required to build up oligosaccharide units IV and I in the GBC stem. Thus the second reaction would be the formation of the only b-rhamnose linkage in the polymer. We predict that the b-RhaT responsible is SAG1423, which exhibits significant homologies to other b-RhaT enzymes (Table 1) , most notably RgpA which is the first RhaT in RGP synthesis in S. mutans (Shibata et al., 2002) . Other homologues include WchF, which is proposed to carry out a comparable reaction in streptococcal coaggregation receptor polysaccharide biosynthesis (Yoshida et al., 2006) and the Cps8R putative transferase for the incorporation of b-rhamnose into the type VIII capsular polysaccharide, which is notable as the only S. agalactiae serotype to contain b-rhamnose within its polysaccharide repeating unit (Kogan et al., 1996; Cieslewicz et al., 2005) . Consistent with the initiation of oligosaccharide Unit IV synthesis in close proximity to the cytoplasmic face of the plasma membrane, a hydrophobic region in the N-terminal part of the SAG1423 protein may facilitate its location as a peripheral membrane protein (data not shown).
The next step in GBC synthesis is the formation of the three a-rhamnose 1-3 rhamnose linkages which are also exclusive to the base of oligosaccharide Unit IV. The aRhaT responsible for these three steps is likely to be SAG1422, which exhibits very high sequence homology to Table 2 . GBC sugar linkage analysis based on the structure determined by Michon et al. (1991) Linkage formed Transferase for GBC transfer from the lipid carrier onto the peptidoglycan Fig. 3 . Genetic organization of the GBC locus within the genome of S. agalactiae strain 2603/V. Gene organization was obtained from the JGI Integrated Microbial Genomes gene neighbourhood tool (http://img.jgi.doe.gov/cgi-bin/pub/main.cgi) and annotated with relevant gene names. The single terminator (indicated by T) was identified from the annotation of the genome sequences of strain NEM316 (Glaser et al., 2002) . Note that the 59 boundary of the GBC locus is a probable pseudogene (sag1409 pg; rogB) in strain 2603/V. RogB is a regulator that is part of the recently defined~11 kb 'Pilus island 2a' present in most strains studied, but is absent from strain A909 (Gutekunst et al., 2003; Rosini et al., 2006) . The 39 boundary of the GBC locus is discussed in the text.
RgpB, the second RhaT required for RGP synthesis in S. mutans (Shibata et al., 2002) . SAG1422 also has a short hydrophobic stretch of amino acids (data not shown) and thus may be a peripheral membrane protein, consistent with its utilization of a small lipid-anchored oligosaccharide substrate. Thus SAG1422 and SAG1423 are considered orthologues of S. mutans RgpB and RgpA, respectively.
The synthesis of oligosaccharide Unit IV can then be completed by the action of an NAG transferase, a-GalT and an a-rhamnose 1-3 galactose a-RhaT. As SAG1410 is the only Pfam family PF00534 glycosyltransferase encoded in the GBC locus, we propose that this is the a-GalT using UDP-galactose as substrate ( Table 1 ). The assignation of the NAG transferase and the a-RhaT are discussed below.
Following the synthesis of oligosaccharide Unit IV, the synthesis of the Unit I oligosaccharide is predicted to begin with the transfer of glucitol-phosphate to form a phosphodiester linkage to the C6 of the galactose in Unit IV. As all the oligosaccharide units in GBC are linked by this same linkage type (Michon et al., 1988) , a single GlucPT can be considered sufficient for the formation of the phosphodiester cross-links throughout the GBC structure. In teichoic acid biosynthesis, alditol-phosphates are derived from CDP-alditol precursors (Neuhaus & Baddiley, 2003; Bhavsar & Brown, 2006) . Thus it is significant to note that SAG1417 encodes a putative alditol-phosphate cytidyltransferase (Table 1) which could synthesize CDP-glucitol from CTP and glucitol-phosphate (see below). Given the above-mentioned absence of TagB or TagF homologues in the S. agalactiae genomes, we predict that the GlucPT using this CDP-glucitol is likely to be SAG1418, as this protein is a member of the LicD family (Table 1) . LicD family proteins are strong candidates for the diphosphonucleoside choline transferases of Streptococcus pneumoniae and Haemophilus influenzae, which transfer phosphorylcholine from CDP-choline to the pneumococcal teichoic acid and H. influenzae LPS, respectively (Zhang et al., 1999; Lysenko et al., 2000) . Thus the similarity of the CDP-activated substrate and the phosphoryl group transfer reaction in the activities of LicD family proteins makes SAG1418 a strong candidate for the GlucPT.
The transfer of glucitol-phosphate to oligosaccharide Unit IV should allow Unit I biosynthesis to proceed via the action of two further a-RhaT enzymes, which transfer rhamnose to the C3 and C1 positions of glucitol. A third aRhaT can then add two a1-2-linked rhamnose to the latter of these residues. Subsequently, a single NAG transferase is proposed to add b1-4 NAG to both the terminal and penultimate rhamnose of the growing Unit I oligosaccharide. This creates a crucial branch point from which each NAG can be modified with an a1-3-linked galactose by the same a-GalT used in Unit IV biosynthesis. Similarly, each galactose can then be modified with an a1-3-linked rhamnose by the same a-RhaT as used in oligosaccharide Unit IV biosynthesis, completing the synthesis of the branched Unit I structure (Fig. 2) . Significantly, the Unit I oligosaccharide synthesized presents two a1-3-linked galactose residues. Transfer of glucitol-phosphate to each of these galactose residues by the SAG1418 protein would then create the first bifurcation in the GBC structure, with another Unit I oligosaccharide then being built up on each glucitol, by the same reaction series as described above. Furthermore, each of these Unit I oligosaccharides synthesized would again present two a1-3-linked galactose residues: each of these could receive a glucitol-phosphate, thereby presenting the start of each terminal branch of the tetra-antennary structure upon which oligosaccharides II and then III can be assembled. Important here is the recognition that the oligosaccharide II structure is contained within Unit I and that the oligosaccharide III structure is contained within oligosaccharide units I and II (Fig. 2) . Thus, the full branched structure of GBC can be proposed to be completed without the involvement of any additional transferase enzymes beyond those used to complete oligosaccharide units I and IV, i.e. through the co-ordination of 11 different transferase activities in 125 steps (supplementary File 1).
Translocation of GBC to the cell envelope and cross-linkage to the cell wall
Following the synthesis of GBC, the polysaccharide needs to be translocated to the plasma membrane surface and correctly localized within the cell envelope. Significantly, SAG1412 belongs to the Wzx (RfbX) family of flippases involved in capsule and lipopolysaccharide O-antigen biosynthesis (Liu et al., 1996; Marolda et al., 2006; Whitfield, 2006) , members of which are also predicted to translocate pneumococcal teichoic acid (Damjanovic et al., 2007) and most capsular polysaccharides of the different S. pneumoniae serotypes (Bentley et al., 2006) . The presence of NAG as the reducing terminal sugar is apparently important for the activity of Wzx flippases and thus it is significant that this sugar is present at the terminal structure of Unit IV (Fig. 2) . Three other genes in the GBC locus encode membrane-associated proteins that can be speculated to participate in the translocation process. SAG1413 is a putative integral membrane protein of unknown function. Topology prediction suggests this protein has 11 membrane-spanning domains and an extracytoplasmic loop near its N terminus. Homologues of SAG1413 are only found in selected streptococci and lactococci. Likewise, SAG1420 is a small conserved hypothetical protein of unknown function and is predicted to be an integral membrane protein with three membrane-spanning domains and a short C-terminal cytoplasmic tail. It is tempting to speculate that these two integral membrane proteins act as accessory proteins to the SAG1412 flippase. Finally, a putative lipoprotein with a possible Ca 2+ -binding motif (SAG1419; Sutcliffe & Harrington, 2004 ) is encoded in the GBC locus. As lipoproteins in Gram-positive bacteria are tethered to the outer leaflet of the plasma membrane by their lipid anchor (Sutcliffe & Harrington, 2004) , the positioning of this lipoprotein at the membrane-wall interface means it can be speculated that this protein may have some role in the transfer of GBC from its lipid carrier onto the cell wall. Consistent with this, a lipoprotein-deficient GBS lgt mutant, which lacks the ability to post-translationally lipid modify proteins, exhibits reduced levels of GBC in its cell wall (B. A. Bray, I. C. Sutcliffe & D. J. Harrington, unpublished data).
SAG1419 is notable in having only a single homologue identifiable by BLASTP analysis, the LACR_0221/ LLMG_0226 proteins of Lactococcus lactis subsp. cremoris strains (Makarova et al., 2006; Wegmann et al., 2007) . These lactococcal proteins are encoded in a genomic region of L. lactis subsp. cremoris that also contains homologues of SAG1413 (LACR_0222/ LLMG_0227) and SAG1420 (LACR_0214/LLMG_0219), enzymes for the synthesis of dTDP-rhamnose and multiple glycosyltransferases (supplementary Table S1 , available with the online version of this paper), suggesting a comparable locus for the biosynthesis of a lactococcal cell-envelope polysaccharide. Several of the glycosyltransferases in this L. lactis subsp. cremoris cluster have a distinctive G+C content, suggesting their acquisition by horizontal gene transfer (Wegmann et al., 2007) . Analysis of the DNA of the strain 2603/V GBC locus suggests that its G+C content (about 33.8 mol%) is only marginally distinct from that of the genome as a whole (35.6 mol%), although SAG1419 and SAG1420 exhibit notably lower G+C contents (supplementary Table S1 ).
Following translocation, GBC is transferred from its polyisoprenol-lipid carrier and attached to the C6 of NAM residues in the glycan backbone of the peptidoglycan (Deng et al., 2000) . The biochemistry and genetics of this stage in teichoic acid biosynthesis are as yet unknown (Bhavsar & Brown, 2006) , although it is reasonable to speculate that this step must be co-ordinated with biosynthesis of the glycan chains in peptidoglycan. The restricted species distribution of homologues of SAG1413, SAG1419 and SAG1420 suggests these are unlikely candidates for this role. Consequently, it can be suggested that the relevant transferase machinery is encoded outside the GBC locus.
Assignation of the putative a-RhaT proteins encoded in the GBC locus
Five distinct a-RhaT activities are needed to allow GBC synthesis (Table 2) . We propose that SAG1411, SAG1414, SAG1415, SAG1421 and SAG1422 are these transferases, based on their homologies to other glycosyltransferases (Table 1) and as all belong to Pfam family PF00535. All of the L-RhaTs involved in GBC synthesis are predicted to use dTDP-rhamnose as the rhamnose donor substrate (see below). SAG1422 is confidently predicted to participate in the synthesis of oligosaccharide Unit IV (see above). However, the assignations of the other four RhaTs remain rather speculative. SAG1421 may be the Rha a1-2 Rha RhaT and it is noted that homologues are present in the loci for rhamnan-based wall polysaccharides of S. mutans, Streptococcus pyogenes and Streptococcus equi (data not shown). SAG1411 may transfer the a1-2-linked rhamnose to the galactose in units I, II and IV.
The SAG1414 and SAG1415 proteins share 47 % amino acid sequence identity (supplementary Table S2 , available with the online version of this paper), but SAG1414 is distinguished from SAG1415 by a weakly hydrophobic region in the C-terminal third of the protein sequence (data not shown). Two of the a-RhaTs needed for GBC synthesis are required to transfer rhamnose to a glucitol acceptor (Table 2 ). Depending on the precise timing of the reactions (supplementary File 1) one of the acceptors will be glucitol-phosphate, whereas the other enzyme will have to recognize a rhamnose-substituted glucitol-phosphate acceptor. We propose that the related putative a-RhaTs (SAG1414 and SAG1415) carry out these two reactions. However, it is not possible at this stage to predict which of these proteins performs which reaction.
The 'missing' NAG-transferases
Consistent with the observations of Glaser et al. (2002) we noted that the GBC locus only contained seven putative glycosyltransferases and, as described above, the putative functions of these glycosyltransferases (along with SAG1418) can account for the formation of many of the requisite linkages in the GBC structure. However, none of these putative glycosyltransferases are predicted to be the required b-NAG transferases and so these must be encoded elsewhere in the S. agalactiae genome. As described above, the b-NAG transferase initiating Unit IV synthesis can be confidently predicted to be SAG0140. The identity of the two other requisite b-NAG transferases remains debatable, although many putative glycosyltransferases can be identified from the S. agalactiae genome annotation and/or the CAZY website (supplementary Table S3 , available with the online version of this paper). Many of these can be assigned roles in other processes, such as capsular biosynthesis and peptidoglycan biosynthesis, including three glycosyltransferases that are likely to be part of a locus for the secretion and glycosylation of the large serine-rich putative glycoprotein SAG1462 (analogous to the secretion and glycosylation of GspB in Streptococcus gordonii; Takamatsu et al., 2004) .
As the two unaccounted-for b-NAG transferases required for GBC synthesis both form similar linkages (b-NAG 1-3 L-rhamnose in Unit IV and b-NAG 1-4 L-rhamnose in units I and II), and both presumably use UDP-NAG as substrate, it is probable that these b-NAG transferases will be both homologous to each other and possibly linked in terms of genome proximity. Notably, two pairs of homologous putative glycosyltransferases (SAG1459/ SAG1460 and SAG2060/SAG2061) fit these criteria. SAG1459 and SAG1460 are both predicted to be cytoplasmic proteins, whereas SAG2060 is a predicted integral membrane protein and SAG2061 is a predicted peripheral membrane protein.
Precursors needed for GBC synthesis
The synthesis of GBC requires a supply of appropriately activated-sugar precursors. Examination of the GBC locus suggests that rhamnose is activated as dTDP-L-rhamnose because SAG1424 encodes a putative dTDP-4-keto-Lrhamnose reductase (RmlD). This enzyme carries out the last reaction of the four-step pathway by which D-glucose 1-phosphate can be converted to dTDP-L-rhamnose (Tsukioka et al., 1997) . The enzymes for the preceding three steps of this pathway (RmlA, RmlB and RmlC) are not encoded in the GBC locus. However, orthologues of these enzymes are encoded by SAG1200 (RmlA), SAG1198 (RmlB) and SAG1199 (RmlC). The rmlCBA locus is part of the core genome and thus a complete pathway for the synthesis of dTDP-L-rhamnose can be reconstructed for S. agalactiae.
The substrates for the other glycosyltransferase are predicted to be UDP-activated: UDP-galactose for the aGalT (SAG1410) would be obtained from UDP-glucose by the action of the GalE UDP-glucose epimerase (SAG1923). Likewise, the UDP-NAG for the NAG transferases would be available from general metabolism (notably the peptidoglycan biosynthesis pathway).
The remaining precursor required for GBC synthesis would be a source of activated glucitol-phosphate. As noted above, comparisons with teichoic acid structure and biosynthesis suggest that the activated glucitol-phosphate is CDP-glucitol which we predict is synthesized by SAG1416 and SAG1417. The putative alditol-phosphate cytidylyltransferase SAG1417 can be predicted to synthesize a CDP-alditol from CTP and an alditol-phosphate (Table 1) . However, it seems probable that the alditolphosphate utilized is not glucitol-phosphate as SAG1416 encodes a putative nucleotide sugar epimerase/dehydratase (Pfam family PF01370). Thus we predict that SAG1417 synthesizes a CDP-alditol intermediate which is converted to CDP-glucitol by SAG1416. This proposal is also consistent with the apparent absence in S. agalactiae of a glucitol phosphotransferase (PTS) uptake system as an obvious source of glucitol-phosphate (Barabote & Saier, 2005 ; our observations). The core S. agalactiae genome includes a putative PTS system (Tettelin et al., 2002; SAG1805 enzyme IIC and/or SAG1933-SAG1935) for the uptake of galactitol as galactitol-phosphate, suggesting this may be the alditol-phosphate utilized.
The boundary of the GBC locus
The final protein that may belong to the GBC locus is SAG1425. This protein belongs to Pfam family PF01883 DUF59, members of which are of unknown function but broad distribution (Almeida et al., 2005) . As we cannot attribute an obvious role in GBC biosynthesis to this protein, it probably represents the boundary of the GBC locus. Whilst we note that DUF59 family proteins are located proximal to putative wall polysaccharide biosynthesis loci in S. mutans, S. pyogenes and Streptococcus thermophilus, this association is not consistently maintained with regard to DUF59 family proteins in other genomes [e.g. Lactococcus lactis (supplementary Table S1 ), Streptococcus suis] and other DUF59 proteins are associated with chromosomal loci associated with sulfur metabolism (Almeida et al., 2005) .
Conclusions
The present study provides a bioinformatic overview of the pathway leading to GBC synthesis in S. agalactiae. Reevaluation of both the structure and the biosynthetic pathway allows us to conclude that GBC is the predominant teichoic-acid-like cell-wall polymer of S. agalactiae and to propose that poly(glycerophosphate) teichoic acids are likely to be absent from this organism. Further studies of GBC are important given its status as the definitive diagnostic antigen for the identification of S. agalactiae, especially as there is renewed interest in streptococcal type antigens as putative protective antigens (Michon et al., 2005; Sabharwal et al., 2006) . Importantly, in the present study we have been able to show that the GBC locus in the genomes of S. agalactiae strains (Table 1; Tettelin et al., 2002; Glaser et al., 2002; Tettelin et al., 2005) can be considered necessary but not sufficient for the synthesis of GBC. Understanding the genetic and biochemical basis of this process is important as the key enzymes may provide targets for novel therapeutic and prophylactic strategies targeted very specifically at S. agalactiae. Moreover, GBC is an attractive target as it is present in all strains of S. agalactiae and does not share the inherent variation of the capsular serotypes or the antigenic variation of many surface proteins (Lindahl et al., 2005) . Bioinformatic prediction of the steps that culminate in GBC synthesis, as with any in silico analysis, has inherent limitations, but nonetheless provides a meaningful and testable model for this biosynthetic pathway. It is worth emphasizing, however, that definitive identification of the requisite NAG transferases (including the validation of SAG0140) must ultimately be verified experimentally. Likewise, as in teichoic acid biosynthesis, it will be important to identify the transferase enzymes which attach GBC to peptidoglycan.
Finally, given the energetic demand evidently involved in synthesizing GBC, we agree with Bhavsar & Brown (2006) that by 'far the most puzzling aspect of anionic polymer biosynthesis is the function of these abundant structures'. We hope that the hypothesis presented herein for the route to GBC biosynthesis and incorporation into the cell envelope will prompt further investigations of its contribution to the pathogenicity of S. agalactiae.
